The Neotropical region currently harbors 8 recognized species of small cats, including the margay (Leopardus wiedii) and jaguarundi (Puma yagouaroundi). These similar-sized species have broad geographic distributions and commonly occur in sympatry. We constructed species occurrence databases and used the maximum entropy (Maxent) modeling approach to develop models of habitat suitability for each of these species. We identified the environmental predictors with the highest importance for species occurrence and evaluated how they influence habitat suitability for both wild cats. Variables related to temperature and precipitation were good predictors of species occurrence, with both cats responding similarly to them. However, margay showed higher variation in habitat suitability depending on local climatic predictors. The estimated models indicated high niche similarity (> 76%) between these cats, but despite this we identified different areas with the most favorable conditions for each species' occurrence. Approximately 50% and 72% of the entire suitable area were estimated as being moderately to highly suitable for margay and jaguarundi, respectively, with the margay model comprising a higher proportion of forest environments in comparison to that of the jaguarundi. These findings will be relevant in the context of conservation planning when indicating the priority areas for their long-term preservation.
The ecological niche of a species is defined as the set of biotic and abiotic conditions that allows its existence in a particular region (Hutchinson 1957) , and thus profoundly affects its geographical distribution. Ecological niche concepts include the Grinnellian or fundamental niche, which considers the set of necessary environmental conditions for species occurrence without considering the influence of biotic factors (Grinnell 1917) , and the Eltonian niche, which also considers biotic factors such as predation, competition, and other interspecific interactions (Elton 1927) . While both concepts are essential for a full understanding of species distribution patterns, the Eltonian niche concept requires more specific and complex evaluation and experimentation.
Grinnellian niche studies have sharply increased in number in recent years due to the development of mathematical modeling techniques that can estimate the geographic extent of a species with respect to environmental characteristics (Porter et al. 2002; Pearson and Dawson 2003; Soberón and Peterson 2005) . These models are typically used to identify areas with high probability of species occurrence based on environmental attributes (Guisan and Thuiller 2005) . They can also be used to assess biogeographical relationships between species, including identification of spatial niche overlap and specific environmental requirements for interacting species (Anderson et al. 2002; Qi et al. 2009; Acevedo et al. 2010; Brito et al. 2011; Friedlaender et al. 2011; Hu and Jiang 2012; Lisón and Calvo 2013; Hosseinian Yousefkhan et al. 2016) .
There are currently 8 recognized species of small (< 8 kg) Neotropical felids (Wozencraft 2005; Trigo et al. 2013) , several with mostly sympatric geographical distributions (Sunquist and Sunquist 2002) . Two species have broad distributions and occur mostly sympatrically: the margay (Leopardus wiedii) and the jaguarundi (Puma yagouaroundi). The geographical distribution of the margay extends from the coastal plains of Mexico to southern Paraguay, northern Argentina, and Uruguay. It occurs throughout Brazil, with the possible exception of the Caatinga region in the northeast (Oliveira 1998a; Sunquist and Sunquist 2002) . The jaguarundi occurs from Mexico to central Argentina, Paraguay, southern Brazil, and Uruguay (Sunquist and Sunquist 2002; Caso et al. 2015; Grattarola et al. 2016) . These species are phylogenetically distant, belonging to different evolutionary lineages in the Felidae (Johnson et al. 2006 ). They are also quite different morphologically, with jaguarundis tending to be larger; the average weight and head and body length of jaguarundis is 5 kg and 62.7 cm, respectively, whereas the margay averages 3.2 kg and 59.9 cm (Sunquist and Sunquist 2002) . Despite these differences, these species have been considered functionally equivalent based on shared morphological characters assumed to correlate with prey capture (Kiltie 1984 (Kiltie , 1988 .
According to the current literature, the margay tends to be more associated with forest environments, whereas the jaguarundi seems to occur in a variety of habitats ranging from tropical rainforest to grasslands and savannas (Oliveira 1998a (Oliveira , 1998b Oliveira et al. 2010 ). This suggests the existence of different limitations on the distribution and environmental preferences of these species. However, the influence of environmental variables and to what extent they limit these species' occurrence and distribution is still poorly understood.
In this context, the main objective of this study was to describe, explore, and compare the environmental component of the ecological niche of these 2 ecologically similar Neotropical cats. We specifically aimed to obtain models of relative habitat suitability (RHS) for each of these species and to identify the main environmental predictors associated with each model, so as to explore the differences between their niches. Species comparisons included estimates of their level of niche overlap and the extent and location of areas with the most favorable conditions for each species' long-term persistence, along with the evaluation of patterns of association between each species and different Neotropical biomes.
Materials and Methods
Study area.-The study area included the complete native distribution of margay and jaguarundi, extending from southern Mexico through central America and into South America east of the Andes to northern Argentina and Uruguay. These areas comprise a wide variety of biomes, from very humid tropical evergreen forest to savannas and semiarid thorny scrubs, with an elevation gradient ranging from sea level to approximately 3,000 m.
Database construction.-The location database constructed for this study included records of margay and jaguarundi occurrence obtained from captures, photographs, roadkills, published literature and from 2 available online databases comprising compilations of records from scientific collections (Global Biodiversity Information Facility-GBIF.org and Species Link). The geographical coordinates were standardized with ArcGIS 10.3 and converted to degrees using the WGS84 global reference system.
The preliminary database comprised 411 records for margay and 897 for jaguarundi (Supplementary Data SD1 and SD2) , representing most of the known geographic distribution of these species. The records spanned a broad temporal window, representing 115 years of sampling. Although old records can cause sample biases in modeling studies (Engler et al. 2004; Graham et al. 2008) , we decided to retain even the oldest data due to the results obtained in preliminary tests, which discovered that the exclusion of the oldest records resulted in models that excluded large portions of the known geographic distribution of these species.
The databases were filtered to reduce the effect of spatial bias in collection effort, which can generate erroneous models (Phillips et al. 2009; Kramer-Schadt et al. 2013; Fourcade et al. 2014) . Our filtering was conducted by using the radius of the mean home range for each species to construct a bias sample file (Kramer-Schadt et al. 2013) . In these files, only 1 record within the radius defined for each species was maintained in the final database. We first identified the radius of the mean home range plus the positive value of its SD (MHR + SD) for each species (Oliveira et al. 2010 ). For margay, we obtained a radius of 2.52 km from a MHR + SD of 19.95 km 2 , and for jaguarundi the radius was 3.77 km, based on a MHR + SD of 44.65 km 2 . The sampling bias file was created using the "dismo" package (Hijmans et al. 2017 ) in R 3.2.3 (R Core Team 2015 . This relatively short distance resulted in very few exclusions so we varied the size of the radius, each time testing for spatial autocorrelation (Moran 1950) . Using a distance equivalent to the mean home range radius times 50 resulted in a set of points with no evidence of significant spatial autocorrelation (margay I = −0.016, z-score = −0.359, P = 0.719; jaguarundi I = −0.004, z-score = 0.018, P = 0.985) and resulted in 170 and 218 final data points for margay and jaguarundi, respectively.
Selection of environmental predictors.-We first selected the 35 bioclimatic variables available from the Worldclim (http:// www.worldclim.org) and Climond (http://www.climond.org) databases as candidate variables to run the models, since climate variables are among the most important factors driving species' distributions (Grinnell 1917; Guisan and Zimmermann 2000) . We also used the altitude predictor obtained from SRTM (http://www2.jpl.nasa.gov/srtm). All variables were standardized to an approximately 4 km 2 spatial resolution with ArcGIS 10.3.
Because correlation between explanatory variables can lead to overestimation in the models, we ran Pearson's correlation test for each pair of predictor variables (Kumar and Stohlgren 2009; Raes et al. 2009; Mukherjee et al. 2010) in SPSS 17.0. Correlations were assessed by extracting predictors from 10,000 randomly generated points within the known species distribution polygon (IUCN data) using ArcGIS 10.3. The analysis was performed independently for each species, using 0.7 as the cutoff value. As a result, 11 environmental predictors with low correlation were identified for margay, and 13 for jaguarundi, with 7 predictors shared between the 2 species (see Supplementary Data SD3). These predictor variables were used along with the filtered databases to construct the species niche models.
Niche modeling procedures.-We used the maximum entropy algorithm implemented in Maxent 3.3.4k (Philips et al. 2006 ) to estimate the 2 species' ecological niche models (ENMs). We used the sets of records obtained after the data filtering with 50× radius for each species to construct the ENMs, using 70% of the records to run the models and 30% to test them. Data were resampled via random partitioning with replacement using the bootstrap method. All rounds were randomly configured with a convergence threshold of 1E-5, with 500 iterations and 10,000 pseudo-absence points (Ferraz et al. 2012; Silva et al. 2017) . Model logistic outputs were selected as having a probabilistic interpretation representing degrees of habitat suitability (Pearson et al. 2007) .
Model performance was assessed by the area under the curve (AUC) of a receiver operating characteristic (ROC) plot (Pearson et al. 2007; Warren and Seifert 2011) . We evaluated the maximum AUC values for the training and test data. We also assessed model predictive accuracy by comparing predictions with the observed number of locations, following the method suggested by Boyce et al. (2002) . This method relates model prediction to the probability of habitat use from presence-only data and is referred to as 'area-adjusted frequency' (AAF). For this analysis, we extracted the lowest and the highest value of suitability found for each species and ranked the RHS scores from Maxent outputs into classes (bins) of nearly equal breadth of 0.10. We then calculated the proportion of the total area covered by each class, dividing the area of each bin by the total area predicted as suitable by the model outputs. Thereafter, we counted how many presence points fell into each defined bin, and calculated the proportion of presence locations within. Finally, the proportion of locations was divided by the proportion of available area in each bin, resulting in the AAF values.
Correlation between AAF values and the RHS was tested using the Spearman rank correlation. A model with good predictive performance would be expected to show strong positive correlation as more use locations would consistently tend to fall within higher RHS bins (Boyce et al. 2002) . The AAF values provide a predicted-to-expected frequency of presence for each of the RHS bins, with low values (< 1) indicating that presence locations occurred at rates lower than expected by chance, while high values (> 1) indicate that presence was more frequent than expected by chance. The former values could indicate marginal (random or uncertain) habitats, while the latter suggest highly suitable or optimal habitats. We used this analysis to reclassify the model outputs for the 2 cat species into 4 categories defined as: 1) unsuitable habitat-areas without predictive habitat suitability, or with predictive suitability but no presence points; 2) low habitat suitability-bins of RHS with AAF values < 1; 3) moderate; and 4) high habitat suitability-bins of RHS with AAF values > 1, where we arbitrarily classified high suitability as those bins with presence locations 5 times higher than expected by chance (AAF values higher than 5).
Variable contribution and influence on predictive species models.-We considered Maxent's heuristic estimates of the relative contribution of environmental variables to the models and the results of jackknife analyses for each environmental layer (Phillips and Dudik 2008) . For the variables with the highest predictive value, we examined how each one varies or changes according to the RHS predictive values from the ENMs generated for each of the cat species. For this, we used the extract-to-point tool in ArcGIS 10.3 to obtain climate and RHS values for each presence point in our final database from both species.
Comparing environmental niche models.-We used the models and their associated predicted RHS scores to quantify environmental niche overlap between the 2 cats, and to assess the niche breadth of both species. These measurements were performed with ENMTools (Warren et al. 2010) . Niche overlap measures similarity between predictions of habitat suitability between 1 or more pairs of populations or species using methods described by Warren et al. (2008) . ENMTools implements 3 different statistics to measure niche overlap: Shoener's index (D), Hellinger distance (I), and relative rank (RR-Schoener 1968; Warren et al. 2008; Warren and Seifert 2011) . These 3 metrics use calculations based on differences between species in the standardized suitability scores at each grid cell, and range from 0 (species have completely discordant ENMs) to 1 (species have identical ENMs). Niche breath also was estimated for each cat species with Levins's index (Levins 1968) , as implemented in ENMTools. This metric uses the continuous estimates of habitat suitability produced by Maxent directly, with scores standardized so that the minimum possible niche breadth is 0 (indicating that 1 grid cell in the geographic space has a nonzero suitability) and maximum niche breath is 1 (where all grid cells are equally suitable).
Habitat composition in the predictive models.-Habitat composition in the areas estimated with the most favorable conditions for the 2 cats' occurrence (with moderate to high suitability) was evaluated using the categories of biomes defined by Olson et al. (2001) . For each of these areas, we identified the types of biomes present and the percentage of the area covered by each biome. Using only the presence locations and the biome categories, we tested for different patterns of habitat selection between the 2 cat species through the chi-square test, followed by a residual analysis.
results
Niche models for margay and jaguarundi.-The models predicted similar potential distributions for the 2 cats according to the suitable climatic conditions associated with each species' occurrence ( Fig. 1 ). Environmental predictors with the greatest relative importance for the margay models were temperature seasonality, minimum temperature of the coldest month, and annual precipitation. Environmental predictors with the highest contribution to jaguarundi models were mean temperature of coldest quarter, isothermality, and annual mean temperature ( Table 1 ). Considering that the AUC values were all > 0.80, the models provided good fit to the data and were successfully validated by the test data set (Table 1 ). In addition, the correlation between area-adjusted frequencies and the binned RHS scores was high and significant for both species (Fig. 2a) , indicating good model performances and high predictive accuracies. Presence locations were available for all bin classes of RHS defined for each species according to the minimum and maximum value of suitability found (bins 2-9 for margays and 1-8 for jaguarundis; Fig. 2b ). Bins were more evenly used by margay, whereas jaguarundi showed a higher number of presence locations in categories 5 and 6, corresponding to 0.40 to 0.60 RHS scores (Fig. 2b) . However, when we evaluated the results taking into account the adjusted area for each bin, we perceived a different pattern of association of each species to each area. The binned scores comprised in the first 3 categories (RHS < 0.3) showed AAF values < 1 for both species, indicating that presence locations occurred at lower rates than expected by chance, and that these areas could be classified as poorly suitable for species occurrence (low suitability). AAF values > 1, indicating that presence was more frequent than expected by chance, were only obtained from the 4th category, with RHS scores higher than 0.3, and considered as moderate suitability (Fig. 2) . The AAF values indicating frequencies of presence locations 5 times higher than expected by chance, and thus suggesting high suitability for species according to our criterion, were only achieved in the 6th category, with RHS scores higher than 0.5 (Fig. 2) .
Considering the results of the area-adjusted frequencies, the models predicted a more extensive area as suitable for jaguarundi (including low, moderate, and high suitability categories; Table 2 ; Fig. 3 ). Areas considered of moderate to high suitability (RHS > 0.3) also were proportionally smaller in size for margay, spanning 7,392,257 km 2 or 51.1% of its total estimated suitable area. For jaguarundi, the model estimated an area of 14,688,692 km 2 of moderate to high suitability, comprising 72.29% of its total area estimated as suitable. Areas of high suitability (RHS > 0.50) were limited in size for both species, representing only 10% and 14% of the suitable area estimated for margay and jaguarundi, respectively.
Influence of bioclimatic variables on predictive species models.-Evaluating the relation between the RHS predictive values from the ENMs and the variables with the highest contribution to the models, we perceived different species responses to variation in the environment predictors. In general, jaguarundi plots showed a more stable response, with modest variation of the average RHS according to climate changes (Fig. 4) . Habitat suitability for both cats were negatively affected by extreme temperatures. Jaguarundis were found where annual mean temperature ranged from 13°C to 28°C. Only above 16°C did RHS medians exceed 0.5 for this species. However, at this temperature and higher, the average scores of suitability remained similar until 28°C. For margay, medians of RHS above 0.5 were found in a smaller range of temperature variation and in areas of lower temperatures (13-22°C; Fig. 4a ). Similar patterns were seen in 2 other variables related to temperature (minimum temperature of the coldest month [ Fig. 4d ] and mean temperature of the coldest quarter [ Fig. 4e] ). Margay showed a pronounced drop in suitability in the areas with the highest temperature, whereas jaguarundi showed a more stable response, maintaining similar median values of RHS for almost the entire temperature range recorded in its area of occurrence.
Relative habitat suitability for margay was higher in environments of lower isothermalities, whereas jaguarundi showed similar suitability over a broader range of isothermalities (Fig. 4b) . Isothermality is a measure of the temperature fluctuations within a month relative to the fluctuations of the year. Likewise, temperature seasonality (a measure of the amount of temperature variation over a year) seemed to have a lower influence on habitat suitability for jaguarundi, with similar RHS medians being observed along the whole gradient except only for the most extreme maximum values. For margays, higher RHS medians were again observed in a lower range of temperature variation (Fig. 4c) . Both species showed higher RHS scores for levels of annual precipitation above 1,000 mm. Niche model comparison.-Estimates of niche breadth were similar for both species, with a slightly higher value obtained for jaguarundi (standardized inverse concentration = 0.289 for jaguarundi and 0.225 for margay). Estimates of niche similarity showed high niche equivalency between margays and jaguarundis, as suggested by Shoener's index (D = 0.762), Hellinger distance (I = 0.937), and relative rank (RR = 0.881).
Habitat composition in the predictive models.-Predicted areas of moderate to high suitability encompassed different portions of 11 biomes recognized by Olson et al. (2001 ;   Table 3 ). All biomes were represented in the most suitable areas (including moderate and high suitability) estimated for both cats, except for areas of temperate broadleaf and mixed forests in the southern United States, which were included only in the margay model, and the temperate grasslands and savannas from northern Argentina, included only in the jaguarundi model. Areas of moderate to high suitability for margay consisted of more than 70% forest environments, especially tropical and subtropical biomes (Table 3) . Regions with estimated high suitability for margay were mostly restricted to the southern portion of the tropical and subtropical moist broadleaf forest, in the east coast of Brazil (see Fig. 3 ). The habitat associations of the species were significantly different (χ 2 = 41.524; gl = 8; P = 0.0001). Based on the results of the residual analysis, this difference was mainly due to a positive association of margay with tropical and subtropical forests (moist broadleaf and coniferous), and a negative association of this species with deserts and xeric areas (Table 3) . Fig. 3. -Distribution of the 4 classes of relative habitat suitability (RHS) scores defined for (a) margay (Leopardus wiedii) and (b) jaguarundi (Puma yagouaroundi) after reclassification of Maxent model outputs, based on the area-adjusted frequency calculations: 1) unsuitable habitatareas without predictive habitat suitability, or with predictive suitability but no presence points; 2) low habitat suitability-RHS < 0.3; 3) moderate habitat suitability-0.3 < RHS < 0.5; and 4) high habitat suitability-RHS > 0.5. 
discussion
Ecological or species niche modeling has become an important tool for conservation-oriented research targeting Neotropical felids. Niche modeling has been used to predict geographic distribution and suitability on a continental (Marino et al. 2011; Cuyckens et al. 2016) or local scale (Ferraz et al. 2012; Martínez-Calderas et al. 2015 , evaluate possible effects of climate change on potential distributions due to variation in suitable areas of occurrence (Vale et al. 2015) , and investigate the distribution of intraspecific morphotypes (Silva et al. 2016) . We used niche modeling to investigate the ecological differentiation of 2 sympatric and ecologically related species. For the 2 cats studied here, our results indicated a similar predicted range based on the assessed environmental -f) with the greatest contribution to relative habitat suitability vary with respect to predicted suitability for margay (Leopardus wiedii; black) and jaguarundi (Puma yagouaroundi; gray). The horizontal line inside the boxes represents the median value, the upper and lower extremes of the box represent the 25th and 75th percentiles, and the vertical error bars represent the scores outside the middle 50%. Data beyond the end of these vertical lines are outliers, which are plotted as points. Climate and relative habitat suitability values were obtained using the extract-to-point tool in ArcGIS 10.3 for each presence location.
variables, but different responses to some climatic conditions that were related to areas of different habitat suitability. The niche models presented here indicate high niche overlap between these 2 cat species, with the potential distribution of both taxa appearing to be dependent on similar bioclimatic conditions, including a very similar range of temperature and precipitation. However, while jaguarundis tended to maintain similar mean values of habitat suitability across the entire range of these bioclimatic predictors, suitability for margay was more varied, with higher values observed in a narrower range of temperature and precipitation. Especially at higher temperatures, habitat suitability for margay seems to decay more rapidly. These results could indicate a narrower bioclimatic niche for margays, which was in agreement with the niche breadths estimated for each cat, with a slightly higher value for the jaguarundi. These different patterns of response to climatic variation may reflect the differences found in the habitat composition of the areas estimated as moderately to highly suitable for each of the 2 cat species, with jaguarundis found in association with a higher diversity of environments. Since different climatic conditions, including different combinations of local temperature and precipitation, play an important role in the establishment of biomes (Holdridge 1947; Bond et al. 2005 ), a species with a greater climatic flexibility, such as jaguarundi, is expected to find a greater diversity of environments to be highly suitable.
The region considered suitable for jaguarundi occurrence (including low, moderate, and high suitability) was substantially greater in extent (encompassing more than 20,000,000 km 2 ) than the 14,000,000 km 2 estimated as suitable for margay. Approximately one-half of this area was classified as moderately to highly suitable for margay occurrence, whereas more than 70% of the suitable area estimated for jaguarundi was identified as having moderate to high suitability. For margay, forested environments predominate (more than 70%) in these suitable areas, especially tropical and subtropical moist broadleaf forest. The area identified as highly suitable for margay occurrence was found almost exclusively in the Brazilian portion of this biome (i.e., the Atlantic Forest), as well as forested environments in southern Mexico, Belize, and Guatemala. In addition, analysis of habitat association performed with presence-only data showed a significant association of margay with forested environments, and a negative association with deserts and xeric formations, typical of the semiarid Caatinga in Brazil. These results are consistent with earlier data that suggest a strong preference of this species for forested environments (Oliveira 1994 (Oliveira , 1998a Sunquist and Sunquist 2002) . Similarly, the absence of records of margay in the Caatinga is also consistent with our niche models. If the species is present in this biome, it probably is restricted to transitional vegetation zones, gallery forests, and dense forest canyons occurring there (Oliveira 1998a; Oliveira et al. 2010 Oliveira et al. , 2015 .
In contrast, areas predicted to have moderate to high suitability for jaguarundi included a more even distribution of forested and open vegetation biomes, including broader areas characterized by grasslands, savannas, and semidesert vegetation. The highest suitability estimated for jaguarundi occurred in forested environments as well as in areas of tropical and subtropical grasslands and savannas and in xeric vegetation such as the semiarid Caatinga in northeastern Brazil. The current literature describes jaguarundis as using a wide range of habitats from tropical forests to desert environments (Oliveira 1998b; Lucherini et al. 2004; Garcia-Alaniz et al. 2010; Quibrera 2011) , including a recent study also predicting high habitat suitability for jaguarundis in various biomes of the Neotropical region (Silva et al. 2016 ). Our niche model supports a similar diversity of habitats and a higher environmental flexibility for this species relative to margays.
Although abiotic variables are key factors in determining geographical distributions and ecological niches, several other factors are involved (Mackey and Lindenmayer 2001; Gaston 2003; Pearson and Dawson 2003) . We described the spatial element of the niche in our research, but biotic factors such as competition, distribution and use of resources, and interspecific interactions-which we did not account for-are often key to a complete understanding of a species' niche. For small Neotropical cats living sympatrically, size differences among Table 3 .-Association of biomes and species in the areas estimated by the niche models as presenting moderate to high habitat suitability for margay (Leopardus wiedii) and jaguarundi (Puma yagouaroundi). % area = percentage of the area with moderate to high habitat suitability covered by each biome; n = number of presence locations in each biome; R aj = adjusted residuals from the chi-squared test; values > 2 or <−2 indicate significant departure from the null hypothesis of no association for alpha = 0.05. species may be an important factor limiting the similarity of their niches (Kiltie 1984) . Although the margay and jaguarundi are considered functionally similar (Kiltie 1984) , and we found the spatial elements of their niches to overlap considerably, differences in activity patterns and diet (Mondolfi 1986; Konecny 1989; Oliveira 1994 Oliveira , 1998a Oliveira , 1998b Tófoli et al. 2009; Di Bitetti et al. 2010; Oliveira et al. 2010 ) suggest axes on which niche differentiation may occur.
Our results indicate that margays present a narrower niche than jaguarundis in the Neotropics, despite being broadly sympatric, with the former showing moderate to high habitat suitability in a much-reduced area compared to jaguarundis and a stronger association with forests, a specialization that may make them more vulnerable to the growing loss and fragmentation of forests. The higher predominance of the margay's high suitability in forested environments such as the Atlantic Forest is extremely important for this species' conservation due to the dire situation of this biome. Current data indicate that only 11.4% to 16% of the original extent of the Atlantic Forest remains, and much of this remaining forest is now represented by small and isolated fragments, with only 9% protected in nature reserves (Ribeiro et al. 2009 ). The identification of this biome as being very important for margays, likely encompassing the areas where the species is able to achieve its highest adaptive performance, is crucial to establish adequate guidelines for its long-term conservation.
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